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Graphane is a hydrogenated form of graphene with high bandgap and planar structure insensitive
to a broad range of chemical substitutions. We describe an atomistic simulation approach to pre-
dict wetting properties of this new material. We determine the contact angle to be 73◦. The lower
hydrophobicity compared to graphene is explained by the increased planar density of carbon atoms
while we demonstrate that the presence of partial charges on carbon and hydrogen atoms plays only
a minor role. We further examine the effects of graphane functionalization by alkyl groups of in-
creasing chain lengths. The gradual increase in contact angle with chain length offers a precise
control of surface wettability. A saturated contact angle of 114◦ is reached in butylated form. We
find the saturation of contact angle with respect to the length of the functional groups to coincide
with the loss of water’s ability to penetrate the n-alkyl molecular brush and interact with carbon
atoms of the underlying lattice. Since no experimental data have yet become available, our model-
ing results provide the first estimate of the wettability of graphane. The results also show how its
alkyl functionalization provides the basis for a variety of chemical modifications to tune hydrophilic-
ity while preserving the planar geometry of the substrate. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4732520]
I. INTRODUCTION
Low-dimensional materials such as graphene,1 a flat
monolayer of carbon atoms packed into a hexagonal lattice,
are attracting a growing scientific interest due to their pecu-
liar electronic1–4 and chemical properties.5, 6 More recently,
the discovery of a fully hydrogenated form of graphene
termed graphane,7, 8 opened a new and exciting research field
for carbon-based nanostructures. Graphane is obtained by
hydrogenation on both sides of a graphene sheet. It has been
first predicted by Sofo et al. using density-functional theory
(DFT) calculations,9 showing the higher stability of the chair-
like conformer compared to the metastable boat conformation
characterized by stronger hydrogen repulsion. The change of
carbon hybridization strongly affects the electronic transport
properties. With a calculated bandgap of 5.4 eV and 4.9 eV
for the chair and boat conformations, respectively,10 graphane
behaves as large-band insulator. Its stability at ambient tem-
perature enabled synthesis of low-defects graphane based on
graphene exposure to a cold hydrogen plasma.7 The ensuing
characterization confirmed calculated properties.9 Aside from
the intrinsic potential in nanoelectronic applications, because
of its high hydrogen content and the reversibility of the
hydrogenation process,7 it immediately attracted attention for
applications in advanced hydrogen storage technologies.11, 12
The two-dimensional hydrocarbon nature of graphane opens
the possibility of creating a broad range of extended planar
molecules through chemical functionalization. Substitution
by halides (–Cl, –F) and hydroxyl groups (–OH) are already
known.13 This unique property makes graphane suitable for
a)Electronic mail: dbratko@vcu.edu.
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a broad range of applications, above and beyond those found
for graphene itself.12
Besides the practical applications, graphane also repre-
sents an ideal system for theoretical investigation of func-
tionalized surfaces. In general, graphene has become the de
facto standard for the modeling of flat and uniform surfaces
in computer simulations studies.14, 15 However its functional-
ization implies the formations of wrinkles due to the change
in hybridization of the functionalized carbon atom. Due to the
complete saturation, graphane planarity is unaffected upon the
addition of functionalizing groups on either side of the layer.
Insulating properties of graphane make it a suitable prototyp-
ical material for simulations in the presence of highly charged
particles (i.e., ions), without invoking polarizable force-fields
required in order to take into account the polarization of the
highly conductive graphene surface.
Many potential applications require the interaction with
aqueous media, which can be tailored by means of a proper
surface functionalization. As an example, a recent work by
Yuk et al.16 exploited the tendency of water molecules to enter
between graphene layers rather than simply laying on them to
produce liquid cells for transmission electron microscopy. In
this way the inserted droplet minimizes the water-air interface
replacing it with more favorable water-graphene interface. As
it is expected to be more hydrophilic, graphane appears an
even better candidate to support this phenomenon. For these
reasons, the characterization of graphane wetting properties
holds a great importance for the design strategies of material
functionalization.
To the best of our knowledge, no data have yet been
reported concerning the contact angle measurement on
graphane surfaces. The synthesis problems have so far
precluded the formation of graphane sheets large enough to
experimentally evaluate the water contact angle on it. Aside
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from this limitation, the measurement of such a parameter
on atomically thick surfaces remains quite challenging, as
demonstrated by the experimentally available values for
graphene. The measurement on silicon deposited graphene
sheets17 reported water contact angle of 127◦ ± 4◦. This
strong hydrophobicity can be rationalized by the presence
of roughness due to the superimposition and layering of the
deposited flakes. More recently, Shin et al.18 measured a
92◦ ± 3◦ contact angle for flat SiC epitaxially grown
graphene. However, this value does not reflect the contact
angle of a free standing graphene sheet either due to the
vacancies created by the underlying SiC substrate.19
Computer simulations provide a reliable and flexible tool
to explore surface properties of these carbon based nanos-
tructures with complete control over the system in question.
The goal of the present work is to get insights in wetting
properties of pristine graphane surfaces by means of droplet
spreading simulations. We evaluated the wettability by mea-
suring the contact angle of cylindrical water drops, enabling
direct comparison with macroscopic contact angles measured
on graphene surfaces.17–19 We find graphane to be consid-
erably more hydrophilic than graphene, primarily due to its
area contraction associated with tetrahedral coordination of
sp3 carbon atoms. We also examine the use of alkyl chains
at increasing length as functionalizing groups suitable to tune
hydrophobicity in a systematic manner.
II. MODELS AND METHODS
A. Model
The surface consists of a single 12.4 nm × 19.1 nm
graphane sheet. The lattice parameters have been ob-
tained from previous ab initio calculations9, 20 which showed
good agreement with the subsequent experimental results.7
Figure 1 shows the graphane structure in its chair confor-
mation. The change of carbon hybridization involved for
graphene hydrogenation implies a stretch of the C–C bond
length from 1.420 Å for graphene to 1.526 Å for graphane.
Together with a C–H bond length of 1.110 Å and bond angles
of 102.8◦ and 107.05◦ for C–C–C and C–C–H, respectively,
the structural parameters for graphane show a good agreement
with the standard values for sp3 hybridization. Despite in-
FIG. 1. Atomic structure of graphane in its chair conformation. Carbon and
hydrogen atoms are shown in grey and white color, respectively.
TABLE I. OPLS-AA Lennard-Jones parameters and charges25 used for
n-alkyl functionalized graphane simulations.
Atom σ (Å)  (kcal mol−1) q (e0)
C, RCH3 3.500 0.066 − 0.180
C, R2CH2 3.500 0.066 − 0.120
C, R3CH 3.500 0.066 − 0.060
C, R4C 3.500 0.066 0.000
H, RH 2.500 0.030 0.060
creased C–C bond length, the projected in-plane C–C distance
of graphane is smaller than in graphene because of tetrahedral
carbon coordination, leading to stronger attraction with water.
Surface hydrophobicity is controlled by functionalization
with flexible n-alkyl groups of general formula –CnH(2n+1) at
different chain lengths, from n = 0 to n = 8. The number
density per surface area is 4.01 nm−2, similar to the typical
average surface density of alkanethiols self-assembled mono-
layers (SAMs).21–24 We place alkyl chains on the surface as
uniformly as possible although an entirely regular pattern can-
not be accommodated for functionalization density we use.
We obtain molecular parametrization from the all-atom
optimized potentials for liquid simulation force field (OPLS-
AA) (Ref. 25) and use (SPC/E) model26 for water. The LJ
parameters and charges employed in this work are reported in
Table I. In many of the available force fields,27 partial charges
are obtained from ab initio calculations on the specific
molecule. On the other hand, the OPLS-AA force field partial
charges for a specific moiety are estimated empirically in
order to accurately reproduce the conformational and ther-
modynamic properties of the corresponding organic liquid.25
Specifically for hydrocarbons, empirical partial charges
somewhat below the calculated ones are used to offset the
effect of exaggerated charge localization in interaction-site
models. The parametrization obtained for neutral building
blocks of known molecules can then be used to extract force
fields of new compounds like graphane.
While the choice of interaction parameters is important
to capture correct hydrophobicity,28–30 major force fields pos-
sess adequate parametrization for hydrocarbons. Due to the
non-polar nature of the modeled surfaces, with contact angles
in the range 90◦ ± 20◦, our comparisons suggest we can
expect at most a very weak dependence of the results on the
specific force field.31 Heteroatomic pairwise interaction
parameters follow geometrical mixing rules, as required for
OPLS-AA force field. The use of a non-polarizable force field
is expected to give a good approximation of the underlying
physics due to the insulating properties of the graphane
surface.
B. Methods
Molecular dynamics: All the simulations are performed
by using the large-scale atomic molecular massively parallel
simulator (LAMMPS) MD code32 in NVT ensemble. The tem-
perature is kept constant at T = 300 K by means of the imple-
mented Nose-Hoover thermostat33 with a relaxation time step
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
128.172.48.59 On: Wed, 14 Oct 2015 16:09:03
034707-3 Vanzo, Bratko, and Luzar J. Chem. Phys. 137, 034707 (2012)
FIG. 2. Visual representation of a fragment of the semi-infinite cylindrical
water droplet in contact with the graphene surface fuctionalized with n-octyl
chains after 1 ns simulation at T = 300 K.
of 0.1 ps. Verlet integrator is used with a time step size of
1 fs. Non-bonded interactions are calculated by means of
a standard 12–6 Lennard-Jones (LJ) potential truncated and
shifted at 20 Å. The large cutoff is used to eliminate the need
for calculating the tail correction for the truncated LJ potential
in a strongly non-uniform system.34 Periodic boundary con-
ditions are applied along the three dimensions. The graphane
atoms positions are kept fixed during the simulations by zero-
ing their velocities and forces acting on them. Computational
time is also optimized by omitting the calculation of graphane
atoms self-interactions. The temperature is therefore calcu-
lated only according to the water and alkyl chains atom ve-
locities. Long range electrostatic interactions are computed
by means of the particle-particle-particle-mesh solver35 with
10−5 accuracy and a 20 Å real space cutoff.
Contact angle measurement: To simulate the water
spreading on graphane surfaces we use a cylindrically shaped
sessile nanodroplet36–38 with 6578 water molecules, oriented
along the x axis of the reference frame, as shown in Fig. 2.
The drop is periodically replicated along the axial direction.
Although the classical hemispherical sessile drop is widely
employed for the calculation of contact angles in computer
simulations,28, 31, 39–51 our current choice has been motivated
by two main reasons. At the nanoscale, previous computa-
tional investigations for LJ fluid nanodroplets37, 52 show that,
despite a good agreement with the Young equation predic-
tions, small deviations of the contact angles are observed
at increasing triple line curvature. Our comparisons between
Young contact angles from thermodynamic integration31 or
pressure tensor calculations53 with geometric ones42 show de-
viations of up to 5◦. Scocchi et al.38 reported that simulated
cylindrical nanodroplets of SPC/Fw water molecules54 show
a negligible dependence of the measured contact angle to both
the drop size and the interfacial surface tension. Hemispher-
ical aqueous nanodroplets, on the other hand, show contact
angle size dependence for small drops with contact area ra-
dius below r < 25 Å.28, 42, 55 Although the size dependence
weakens for low interfacial tensions, the cylindrical geome-
try, characterized by essentially straight contact lines, ensures
a higher reliability independently on the system properties.
The second reason for the adoption of a semi-infinite
cylindrical drop is the optimization of computation. Since the
LAMMPS simulation engine does not provide a runtime load
balancing of the number of atoms assigned to each proces-
sor on parallel executions, the simulation of samples with
non-uniform density distribution presents very low scalabil-
ity compared to a bulk system. The use of a cylindrical drop
allows us to assign to each processor an even number of atoms
by ideally “slicing” the system perpendicularly to the longi-
tudinal axis of the cylindrical drop. Improved computational
efficiency permits simulation of bigger cylindrical drops com-
pared to calculations in the hemispherical drop geometry, vis-
ibly improving the statistics of contact angle calculation.
To measure the contact angle of our cylindrical sessile
drop we employed a specific technique similar to that pre-
sented by de Ruijter et al.41 for the measurement of dynamic
contact angle. Compared to the commonly used technique
relying on the fitting of the time averaged density profile of
the drop, this method provides a direct insight on the drop
spreading dynamics, since the instantaneous contact angle
for each configuration is calculated. Each system, consisting
of a pre-equilibrated cuboidal water drop situated at about
6 Å above the functionalized surface, is equilibrated with a
first energy minimization of the n-alkyl chains, followed by
a 150 ps NVT run where only the n-alkyl chains positions
are integrated. The analyzed trajectory is then collected
during a 1 ns simulation run in the canonical ensemble, by
storing the system snapshots every 0.5 ps. We divided each
cylindrical drop in three transversal slices in order to avoid
errors in the profile determination due to possible long range
oscillations of the triple line. To identify the drop interface
for each slice, we use a square binning of local number of
water molecules along the y and z directions with a bin size
of 2 Å. The points defining the equimolar dividing surface
are identified as the points where the local density decreases
below 50% from the bulk water density. We determine the
contact angle by calculating the best circular fit of the drop
density profile according to the method described in Ref. 56.
Since a distortion from the circular cross section is known
to occur near the surface-water interface,37, 41 we fit only
the contour above the distance that secures convergence of
contact angle. We adopted the position identified by half
the distance between the two water peaks from the farthest
peak with respect to the surface as empirical threshold.
Here we refer to the density distribution calculated in a
10 Å thick section of the drop, parallel to the x direction and
centered with respect to the drop center of mass. According
to the same distribution, we identify the position of the
reference contact plane for the contact angle calculation at
one radius of oxygen atom below the first oxygen density
peak. Although different heights of the contact plane have
been used,31, 37, 57 we believe that our choice best represents
the average contact height with the mobile n-alkyl chains felt
by the drop. This assumption is validated by good agreement
with the experimental contact angle values measured on
n-alkanethyols SAMs as we report in the next chapter.
Figure 3 illustrates the temporal contact angle evo-
lution during water drop spreading on pristine (n = 0)
or functionalized (n = 2 and n = 4) graphane surfaces.
As expected, contact angle increases with increasing n-
alkyl chain length. The contact angle converges after about
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FIG. 3. Contact angle relaxation of a 7000 water molecules cylindrical drop
at 300 K in contact with pristine graphane (bottom) and ethyl (middle) or
butyl (top) functionalized graphane surfaces.
150 ps independently of the nature of the functionalization. To
accumulate sufficient contact angle statistics, we calculated
the equilibrium contact angle by averaging the instantaneous
values obtained from 500 ps to 1 ns of simulation.
III. RESULTS AND DISCUSSION
In Table II we report the average equilibrium contact
angles measured for a cylindrical sessile water drop on dif-
ferently functionalized graphane surfaces. We determine the
contact angle of pure graphane to be 73◦ ± 2◦. By repeat-
ing the simulation with mobile surface hydrogen atoms we
also verified that the impact of atom mobility on the mea-
sured contact angle is negligible, with a resulting contact an-
gle of 75◦ ± 2◦. As expected, graphane is more hydrophilic
than graphene which, notwithstanding the high spread of ex-
perimental data,18, 19 presents a reproducible simulated con-
tact angle close to 90◦. To assess the contribution of electro-
static interactions between water and partial charges present
on graphane, but not on graphene, in a separate calculation
we remove partial charges on the graphane atoms. The re-
sulting equilibrium contact angle of 74◦ ± 1◦ demonstrates
insignificant effects of electrostatic graphane/water interac-
tions in analogy with an earlier observation on fluorocarbon.57
The LJ interactions, which drive the spreading, however, in-
tensify due to increased (projected) surface atomic density in
TABLE II. Comparison of the water contact angles on pristine and n-alkyl
functionalized graphane surfaces with flexible and frozen chains.
Contact angle
Functional group Flexible Rigid
–H 75◦ ± 2◦ 73◦ ± 2◦
–CH3 83◦ ± 3◦ 81◦ ± 3◦
–C2H5 98◦ ± 4◦ 98◦ ± 2◦
–C3H7 110◦ ± 3◦ 112◦ ± 4◦
–C4H9 114◦ ± 4◦ 111◦ ± 3◦
–C5H11 114◦ ± 3◦ . . .
–C6H13 114◦ ± 5◦ . . .
–C7H15 115◦ ± 3◦ . . .
–C8H17 113◦ ± 3◦ . . .
FIG. 4. Equilibrium contact angles of the cylindrical water drop as a func-
tion of the degree of functionalization of the graphene surface with n-alkyl
chains with general formula –CnH(2n+1). The solid green circle represents the
pristine graphane surface.
graphane upon hydrogenation of the graphene sheet explain-
ing the increase in hydrophilicity (i.e., decrease in contact
angle).
Coverage by methyl groups strongly affects the equilib-
rium contact angle, which shows a 10◦ increase. As evident
from Fig. 4, contact angle increases almost linearly with
respect to the alkyl chain length until n = 3, and levels off
at about of 114◦ thereafter. Our result for long chains is in
good agreement with the experimental equilibrium contact
angle58, 59 for water on –CH3 terminating SAMs of about
112◦.
We also investigated the effect of chain mobility on the
measured equilibrium contact angle. We started a new set
of simulations from the final configurations of the previous
droplet-spreading simulations, but freezing the positions of
the alkyl chains. As reported in Table II, the performed anal-
ysis of the contact angle demonstrates that both the average
value and the fluctuations of the instantaneous contact angles
are insensitive to thermal motion of the chains of the alkyl
monolayer.
In order to explain the convergence of the contact angle
we calculated water density profiles along the z direction for
a 1 nm thick longitudinal slab of the cylindrical drop, cen-
tered on the center of mass of the drop. In Fig. 5 we compare
the vertical density profiles of water for the pristine graphane
surface and n = 1, 2, 3, 4 functionalized graphane. The peak
structure rapidly decreases due to the increasing distance of
the first water layer from the graphane surface. A well defined
shoulder at the ascending arm of the first layer peak clearly
demonstrates penetration of water molecules in the accessible
space between the functionalizing chains.
In view of the non-uniform pattern of the alkyl chains ar-
rangement, the vertical density profiles alone do not provide a
complete structural description of the hydration water which
also concerns the planar distribution of the penetrating water
molecules in the layer. We calculated the surface density
distributions of water molecules by binning on a 0.1 Å mesh
2D grid parallel to the xy plane. We monitored the number
of water molecules within the layer between the graphane
surface and the top of the chains at σH/2 from the highest
alkyl hydrogen distribution peak. Due to the low number
of water molecules inside the alkyl layer, we collected their
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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FIG. 5. Vertical density profile of water molecules in the center of cylindrical
drops on pristine and functionalized graphane with n-alkyl chains at increas-
ing length as function of the distance from the first density peak, at distance
dmax from the graphane surface. Red arrows represent the relative first peak
position of the –CH3 hydrogen atoms. The distributions are vertically shifted
for easier comparison.
positions over 3800 configurations, saved every 0.5 ps.
According to the maps reported in Fig. 6 for molecular
brushes with n = 2 and n = 4, water molecules are distributed
almost uniformly between the chains of the functionalizing
pattern. However, we observe stronger penetration for the
shorter chains, a clear evidence of the contact between the
water molecules and the underlying graphane surface. For
butyl brush the water density distribution is more uniform due
to the loss of contact with graphane, and the higher mobility
of the butyl heads. A closer view of the water distribution in
Fig. 5 for –C3H7 functionalization reveals a very smooth
shoulder, which is absent from the profiles obtained for
longer chains. Convergence of the measured contact angle
coincides with the loss of direct contact between water and
the underlying graphane surface. At the chain lengths exceed-
ing n = 3 the free energy penalty due to the hydration of the
hydrophobic molecular brush can no more be balanced by the
energy gain due to the contact with the high atomic-density
graphane surface.
Our results for contact angles at increasing alkyl chain
length also demonstrate that the water drop becomes insensi-
tive to the nature of the underlying surface when the chains
are longer than n = 3. At this length, the first peak of cal-
culated density profiles of water molecules, corresponding
to the first water layer in contact with the top of the alkyl
chains, is located at about 9.2 Å above the middle plane of
the graphane surface. This length scale is in good agreement
with ≈1 nm crossover from the size-dependent solvation en-
ergetics of a small solute and size-insensitive large-solute be-
havior reported for systems dominated by LJ interaction.60–62
This observation represents an additional evidence of the ma-
jor role of the dispersion forces in determining hydropho-
bicity/hydrophilicity of our surface. It also suggests that, for
the sake of computational optimization, butyl chains can be
considered converged with respect to the chain length and
hence adequate to simulate SAM layers of lengths sufficient
to be insensitive to the specific nature of the supporting sur-
face with short-ranged attraction to water. A bigger satu-
ration length can be expected with highly polarizable sub-
strates such as metals63 which support strong dipole-image64
interactions.
FIG. 6. Illustration of water penetration inside the –C2H5 and –C4H9 molec-
ular brushes covalently bonded to a graphane surface. (Top) Surface density
maps of water drop molecules inside the volume defined by the graphane
surface and the highest average position of the n-alkyl chains hydrogens. The
resulting thicknesses are 3.35 Å for ethyl chains (right) and 5.87 Å for butyl
chains (left). Colorization represents the overall number of molecules in each
vertical subvolume with 0.1 Å xy mesh resolution over 3800 system configu-
rations. Blue dots correspond to the distributions of the –CH3 carbon atoms.
(Bottom) Visual representation of water penetration on the two molecular
brushes.
IV. CONCLUSIONS
Our modeling results provide the first insights into the
wetting ability of graphane, the recently synthesized, fully
hydrogenated derivative of graphene. Eliminating the curva-
ture of the three-phase contact line, our cylindrical nanodrop
technique provides contact angles essentially free of line ten-
sion effects. With contact angle of about 73◦, graphane is
found to be considerably more hydrophilic than graphene.
The difference is associated with increased projected density
of carbon atoms as the underlying lattice transforms from
planar to tetrahedral coordination along with the transition
from sp2 to sp3 hybridization. The latter form, characteris-
tic of graphane, supports surface functionalizations without
inducing deformations and wrinkling observed on chemically
modified graphene surfaces. Functionalization by alkyl chains
brings contact angle closer to that of hydrocarbon surfaces.
The gradual increase in contact angle with chain length en-
ables precise tuning of surface wettability until a saturated
contact angle is reached in butylated form. At this chain
length, the alkyl brush is sufficiently thick to preclude any
significant penetration of water and its interaction with the un-
derlying graphane lattice. The wetting properties are therefore
converged at significantly shorter tail lengths than in the case
of physisorbed SAMs layers where stable coverage is only
possible with longer chains. Unlike thick, physisorbed SAMs
deposits, the brush of covalently bonded butyl functionalities
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behaves as an essentially incompressible layer whose confor-
mation is not expected to change upon end-group substitu-
tions. As such it provides the basis for a variety of chemical
modifications to control the substrate hydrophilicity65 while
preserving the thickness and planarity of the surface.
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